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Abstract 
The paper presents a holistic model of thermal and dynamic load errors for a five axis machining centre. The reasons for using such 
a model are presented, focusing on the interaction between the behaviours of the machine tool modules. A strategy for reducing the 
thermal errors subject to compensation is presented and discussed. Relations for power losses in the centre’s rotating rolling units 
are given. The relations describe the power losses and friction torque caused by load and by the elastohydrodynamic phenomena in 
the lubricating oil at minimal lubrication. Modelling based on the authors’ own research and literature reports is applied to high 
speed spindle bearings, tilting table bearings and ball screw units. The paper also presents a model showing how changes in the 
position of the high-speed spindle tip arise under centrifugal forces as the speed changes. 
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1. Introduction 
The efforts of designers and research centres engaged 
in the development of (especially multiaxis) machine 
tools concentrate on achieving ever higher machining 
precision and efficiency, making the servicing of 
machine tools more efficient and saving energy [1-4]. 
Efforts are made to (rationally) increase the rotational 
speeds, accelerations and jerks of spindle, feed and 
auxiliary assemblies, to achieve very high dimensional 
and shape accuracies of the machined products, to 
effectively prevent collisions and to apply ever effective 
measuring systems at high rotational and feed motion 
speeds [1], [5]. As evidenced by the relatively slow 
coming of very high-speed machine tools onto the 
market, it is still very difficult to meet the above 
requirements and at the same time ensure high reliability 
and long lifetime of machine tools in their industrial 
operating conditions. 
New hardware and software solutions (the latter 
prove to be significantly more effective) are still 
intensively sought. This includes searching for 
mathematical models increasingly more accurately 
describing the behaviour of machine tools in their 
operating conditions, the disturbances in machine tool 
precision and errors.  The more accurate the models, the 
better one can identify and compensate errors. 
One can also determine the extent to which the 
models can be simplified and still be useful in the design 
and improvement of machine tools. It is essential to take 
into account what is achievable in production practice, 
since this has a direct bearing on the credibility of the 
manufacturers in the eyes of the users. 
The authors’ experience shows that only holistic, 
integrated models, which take into account the natural 
interdependencies between physical phenomena and 
errors, can be effective in machine tool improvement. It 
is impossible to measure the effects of each of the 
interdependencies. Only the total effects can be 
identified through measurements. Most difficult to 
identify in this way are thermal errors [6]. 
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This paper focuses on the integrated modelling of the 
main thermal errors and errors caused by dynamic loads 
[7]. Considering that the improvement in machine tool 
performance very much depends on the minimization of 
errors, a proper strategy is needed for this purpose. Such 
a strategy for minimizing thermal errors has been 
adopted by the machine tool manufacturers renowned 
for the care they take to ensure the highest possible 
precision of the machine tools produced by them [8].  
 
2. Error reduction strategy 
Machine errors can be effectively minimized on the 
basis of deep knowledge of their origin and behaviour in 
the natural operating conditions. Such knowledge 
contained in a continually updated database enables one 
to detect errors, assess their effect on machining 
precision and take measures to reduce and compensate 
them. Thermal errors are mainly reduced by optimizing 
the thermal behaviour of the machine tool on the basis of 
integrated modelling, numerical simulations, analyses 
and procedures for handling holistic models. Using 
holistic models one can examine and identify the load-
deformation interactions which significantly contribute 
to error complexity.  
 
 
Fig. 1. Machine tool error minimizing strategy 
The reduction of such interactions and error 
complexity through changes in the design is essential for 
creating effective (especially thermal) error models and 
compensation procedures. The models must be much 
less complex than the ones used for evaluating machine 
tool behaviour in the operating conditions, so that 
compensation corrections can be determined in real time 
by the control system processor. 
 
Thus a database must comprise both detailed 
modelling for error identification and simplified 
modelling for predicting errors subject to automatic 
compensation by the CNC system. The holistic 
compensation of errors must cover the compensation of 
static and geometric volumetric errors, identified 
through measurements and described by an error map, 
and the compensation of thermal errors and dynamic 
errors superimposed on each other. In the case of active 
error reduction through forced cooling and forced 
corrective displacements, the hybrid compensation 
system must “see” the reductions and take them into 
account. 
This means that a strategy for the comprehensive 
minimization of machine tool errors is a set of 
interdependent actions which effectively increase 
machining precision. The structure of such a strategy is 
shown in fig. 1. 
3. Assumptions and conditions for holistic modelling 
of machine tool errors 
The thermal and dynamic properties of the active 
axes of machine tools are usually improved using their 
isolated partial physical and computational models since 
this is less labour-intensive and less expensive than 
using a model of the whole machine tool. But then the 
interactions between the individual assemblies 
connected with the other controllable axes, the load-
bearing structure, the auxiliaries (containing heat 
sources) and the measuring systems (whose accuracy 
strongly depends on the thermal state of the contiguous 
elements and the speed of the feed motions) are lost. 
The designer of a machine tool and the researcher 
studying its properties and errors face a dilemma which 
of the interactions and to what degree can be simplified 
in modelling or omitted in error minimization. Answers 
to these questions can be found through experimentation 
or the precise holistic modelling, simulation and 
evaluation of the errors, the disturbances causing them 
and the results of the healing of the particular 
components and the whole machine tool. 
The proposed model (fig. 2) of the machining centre 
loaded with heat sources determined on the basis of the 
isolated partial models makes it possible to integrate the 
impacts of the individual components on the centre’s 
load-bearing structure. The integration of all the impacts 
on the heat exchange and transmission conditions in the 
closed spaces (e.g. the workspace) poses a major 
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problem. Such spaces (similarly as large housings) 
accumulate heat and so determine the thermal inertia, i.e. 
the delay in the reaction to the action of the heat sources. 
The authors studied this problem closely before and it 
became clear that each time the problem must be solved 
for the specific heat transfer conditions and the heat 
capacity of the closed spaces and the heat accumulating 
bodies [5]. The effect of closed spaces can be reduced 
through forced cooling/ventilation.  
The present authors compute temperature and heat 
displacement distributions for sets of machine tools, 
using power loss models differing in their degree of 
complexity and accuracy of power loss generation 
description. Exemplary formulas used by the authors for 
this purpose are shown in tables 1-3. One can use the 
formulas to calculate instantaneous power losses, torque 
friction values and friction forces in the main machine 
tool components since these quantities change in the 
course of machine tool operation as a result of  changes 
in component dimensions, lubricant viscosity, rotational 
and linear speeds, accelerations, etc. 
 
 
Fig. 2. Integrated hybrid model of machine tool volumetric error 
If constant outputs of the heat sources are assumed, 
then, as a rule, one cannot expect calculation results 
close enough to reality. Since spindle bearings usually 
work under a preload, their internal load (often referred 
to as negative clearance) is considerable. The preload 
may change in the course of bearing operation as a result 
of thermally induced changes in the dimensions of the 
bearing unit components. The changes depend on the 
operating parameters, the ambient environment, the 
working time and so on. The complexity of the 
interdependences is illustrated in fig. 3. For example, 
friction torque M1 and friction torque M0 may change as 
respectively working load Pw and lubricant viscosity v 
change. In order to take into account the correlations 
between the thermal behaviour dependent factors one 
needs to use highly complex iterative computational 
algorithms. 
In rotary tables and tilting tables the following two 
types of roller bearings (fig. 4) are used:  
x Conventional bearings with two rows of rollers 
carrying axial loads and one row of rollers carrying 
radial loads, 
Table 1. Friction torque in spindle bearings 
Calculated 
quantity Basic formulas 
Total friction 
torque 
Torque due to 
applied load 
 
 
 
 
Torque due to 
applied load 
 
 
 
 
Equivalent 
load 
 
 
 
 
 
 
 
 
 
 
 
 
Torque due to 
lubricant 
viscous 
friction  
 
 
 
1MMM o   
mdPfM 111  , Nmm  [9] 
f1 – factor related to bearing type and load 
P1 – equivalent load dependent on external bearing 
load forces  
dm – mean diameter of bearing (mm) 
Bearing operation in negative clearance range 
mdfM * 11 , Nmm  [10] 
* –  equivalent load dependent on external bearing 
load forces and on internal forces 
 [10] 
Fr – external radial force acting on bearing 
For roller bearing – 9.01.15 wre LzLF  , N  [10] 
Lr – absolute value of negative radial clearance, Pm 
Lw – roller length, mm 
z –  number of rolling elements 
For ball bearing – 5.05.18.0 kre dzLF  , N  [10] 
dk – ball’s diameter, mm 
rich/jet lubrication 
  33/270 10 mo dnfM Q , Nmm [8] 
fo – factor related to bearing type and lubrication 
method 
Q  – kinematic viscosity of lubricant (mm2/s) 
N  – rotating speed of bearing (rpm), 
minimal lubrication 
  33/170 10 mo dnfM Q<  , Nmm  [9] 
Ψ – coefficient of minimal lubrication dependent on 
type of bearing  
 
Fr
P1
Fe
 
if F >F e 1 rand > F
 
if F >r P and > F1 e 
if P >F 1 1 eand > F* 
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Fig. 3. Interrelations between factors affecting power losses in spindle 
bearing units 
x cross bearings with two rows set at an angle of 45q, 
each of which carries both axial and radial loads. 
As a result of preloading, the bearings acquire high 
axial and radial stiffness. As the whole structure heats up 
in the course of work, the preload in one of the axial or 
axial/radial bearings decreases while increasing in the 
other bearing, which has a significant effect on 
particularly friction torque M1.  
However, it appears from the bearing design that the 
increase in friction torque in one row of the rollers is 
compensated by the decrease in friction torque in the 
other row. As a result, as long as one of the rows of 
rollers is not completely unloaded the sum of M1(1st 
row) and M1(2nd row) is approximately constant (fig. 5), 
which considerably simplifies the computational model 
of the bearings. 
 
 
Fig. 4. Type of tilting rotary table bearings 
The changes in torques M0 in these bearings are less 
important since the latter usually work at low rotational 
speeds and the product vn tends not to exceed 2000. 
Basic formulas for computing friction torque in such 
bearings are presented in table 2. 
The high accuracy of the motion of the ball screws 
used in machine tools is achieved by producing a 
preload between the nut and the screw. Such a system 
loaded with a longitudinal force behaves as a pair of 
angular spindle bearings or as the cylindrical bearings 
used in tilting tables, in which some of the rolling 
elements are loaded and some are unloaded (fig. 6). This 
means that the total friction torque is little sensitive to 
changes in the longitudinal force loading the screw-nut 
set. 
Thus the power losses in the screw/nut set are 
determined solely by preloaded ball screw basic torque 
Mp and acceleration torque Ma. The only parameters 
which may change as a result of the operation of the 
drives are: the preload which determines friction torque 
Mp, and the rotational speed of the screw, which 
determines acceleration H and consequently, torque Ma.  
The basic formulas for calculating the above friction 
torques are presented in table 3. 
 
 
Fig. 5. Friction moment M1 versus housing thermal elongation 'X 
equal to change in race distance units 
Table 2. Friction torque of tilting rotary table bearings  
Calculated 
quantity Basic formulas 
 
Total 
friction 
torque 
 
 
 
 
Torque 
due to 
applied 
load 
 
 
 
Strain 
 
 
 
Strain 
 
 
 
Roller 
load 
 
 
Roller 
load 
 
 
Conventional and cross axial/radial cylindrical bearings 
¦¦
  
 
k
i
i
k
i
i MMM
1
1
1
0
 [11]
 
M0i, M1i – friction torque [9] 
k  – number of roller rows 
k=3 – conventional bearing; k=2 – cross bearing 
For 'X<Gmax 
  )2()1( 111 rowMrowMM ndst constant [11] 
'X – change in race distance due to heating up of structure 
Gmax  – strain caused by bearing preload 
 
For conventional bearing 
8.0
9.0
max 079,0
w
o
L
Q G , Pm [12] 
For cross bearing 
8.0
9.0
max 2079,0
w
o
L
Q G , Pm [11] 
Qo – roller load: 
For axial row 
z
PQ wo  , N 
For cross bearing 
z
PQ wo 2
S , N [11] 
Pw – axial bearing load,  
z  –  number of rollers in one row,  
Lw – roller length, mm 
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Fig. 6. Differences in internal load FA,FB caused by external axial  
load Fa 
In most of the ball screw designs the preload 
continuously changes as the screw and the nut heat up. 
Then the problem of thermal load modelling comes 
down to the (difficult to implement) modelling of a heat 
source with variable output correlated with the 
instantaneous temperatures and thermal elongations of 
the screw and the nut.  
Table 3. Power losses in ball screw  
Calculated 
quantity 
Basic formulas 
Basic torque of 
preloaded ball 
screw 
 
 
 
 
 
 
 
 
 
 
Friction torque 
during 
acceleration 
 
 
 
 
 
 
 
 
Load inertia 
 
 
Power losses  
in ball screw nut 
assembly 
S2000
LFK
M pp
 , Nm [13] 
Fp – preload, N;      L – lead, mm 
8.2
a
p
FF d  
Fa  – equivalent external axial load 
K – preload torque coefficient  
md
L
K
S
05,0 
 
dm – screw shaft pith circle diameter, mm 
K
KH )1(  JMa , Nm [14] 
Kball screw efficiency 
H  – angular acceleration, rad/sec2 
 12602 stagestagea rpmrpmt  
SH  
ta – acceleration rise time, sec 
J – load inertia 
2
2000 ¹¸
·
©¨
§ S
LWJ , kg m
2 [13] 
W – table and workpiece weight, kg  
55.9
nMM
P ap
 , W 
n –rotational speed of ball screw, rpm 
In order to take into account the changes in rotational 
speed during the acceleration and braking of the system, 
the problem must also be reduced to the modelling of a 
heat source with variable output. 
4. Dynamic model of high-speed spindle displacement  
Also the centrifugal forces acting on the rotating 
spindle assembly components (the spindle itself and the 
inner rings and balls of the bearings) can be a source of 
the axial displacements of the spindle/spindle tip. In 
high-speed spindle assemblies the operating conditions 
of the balls, the preload of the bearings and the lengths 
and diameters of the inner rings and the spindle change 
under the action of centrifugal forces, which results in 
spindle tip displacement. Furthermore, the spindle 
displaces as the contact angles of the bearings change. 
For the spindle assembly whose bearings are spring 
preloaded through a sliding sleeve the spindle front 
displacements relative to the table (Sh) as the rotational 
speed increases and the shares of spindle support spacing 
shortening 'A and spindle tip shortening 'B in them are 
shown in fig. 7 [7], which vividly illustrates what tip 
displacements (relative to standstill) at a particular 
rotational speed and what displacement differences at 
speed changes one can expect. By modelling and 
compensating the displacements one can significantly 
increase machining precision and productivity. The main 
conclusion emerging from the model shown in fig. 8 is 
that each change of any parameter in the model disturbs 
(more or less) the equilibrium of the forces. 
 
 
Fig. 7. Prediction and verification of high-speed spindle axial 
displacements [17] 
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Fig. 8. Comprehensive mathematical model of loads in high-speed 
bearing 
The equilibrium can be recovered only through a 
change of angles Do and Di. In the real object this 
happens automatically, i.e. the ball seeks the proper 
place, whereas in the mathematical model it is necessary 
to iteratively search again for equilibrium and calculate 
again all the model quantities. 
For a spindle assembly with bearing preload via a 
sliding or rolling sleeve, knowing the magnitude of the 
unbalance of internal forces Fx in the axial direction, due 
to the fact that Do≠Di, one can predict the axial motions 
of the sleeve resulting in appropriate spindle 
displacements observed during sudden changes in 
spindle rotational speed. 
Knowing reactions Ri, Ro, Ra one can analyze the 
effects of a change in any of the reactions, caused by 
external factors, such as: 
x a change in the push-in force between the spindle and 
the outer ring, 
x heat-induced changes in the dimensions of the rings 
and the ball, 
x spindle elongations, and so on. 
 
5. Conclusions 
The model presented here is for a five-axis machining 
centre operating in a wide range of rotational speeds and 
feed rates, without being loaded with cutting forces. For 
these conditions the model was verified by computing 
spindle tip displacements relative to a tilting rotary table. 
The agreement between the computed displacements and 
the measured ones was as close as 2Pm. 
The proposed strategy for the minimization of 
machine tool errors, especially the thermal ones, forms 
the basis for improving precision machine tools, 
particularly high-speed machining centres. The 
presented partial models of power losses in rotary drive 
units, taken from the literature and the authors’ own 
research, have been successfully used for computations 
and are constantly fine-tuned to novel materials and the 
ever increasing rotational speeds and feed rates. 
Particularly the computation of power losses in some 
intensively improved components, such as ball screws, 
needs to be fine-tuned.  
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